IntroductIon
In the last years, the use of UV-curable printing inks and varnishes increased rapidly. The processing and application properties of their printed layers strongly depend on the final conversion that is achieved during irradiation.
The conversion, in turn, is influenced by various technical parameters and ambient conditions 1 . Unfortunately, only some of them can be easily controlled in technical curing processes. Hence, in order to avoid a negative effect of an insufficient conversion on the properties of the layers, an efficient process control based on continuous monitoring of the conversion is necessary.
Another important parameter in printing technology is the coating weight, which can be only determined for printing inks with standard colors so far (by color density measurements). For in-line monitoring of the coating weight of clear printing varnishes and inks with special colors, an alternative method is required.
This study deals with the development of analytical methods for in-line monitoring of these parameters during the printing process in an offset press that are based on NIR reflection spectroscopy. The evaluation of these methods under technical printing conditions was carried out at a large-scale sheet-fed offset printing press.
MaterIals and Methods
NIR spectra were recorded in reflection mode with a process analyzer system (uniSPEC2.2S; LLA Instruments, Berlin, Germany). The spectrometer is based on a holographic grating and a thermoelectrically cooled InGaAs photo-diode array detector with 512 pixels covering a range from 1100 to 2200 nm. A special reflection probe head was developed for installation in the delivery unit of a sheet-fed offset printing press. Calibration and external validation measurements in the lab were carried out against a flat metal reflector, which simulates the situation at the mounting position in the printing machine. In order to prevent direct reflection of the probe light into the optical system, the probe head was mounted at an angle of 9° between its optical axis and the surface normal of the paper sheets.
NIR spectra for calibration were recorded directly after UV curing by taking a total of 1500 accumulations whilst the printed sample was moved through the probe beam in order to average the spectrum across the complete surface of the sample. Typically, ten average spectra per sample were recorded. Moreover, reference values for the conversion and the coating weight were determined by FTIR/ATR spectroscopy or gravimetry, respectively.
NIR reflection spectroscopy was used for in-line monitoring of printing processes. In particular, it was shown that the conversion in layers of UV-cured printing inks can be determined directly in the printing press. Ink layers were printed with a coating weight of ~1.2 g m -2 and irradiated with different UV doses. Another parameter that was monitored by this method is the coating weight (corresponding to the thickness) of printed layers. Quantitative analysis of the spectral data was carried out with calibration models based on the partial least squares (PLS) algorithm after optimization of the models with respect to RMSEP and R². In-line monitoring tests were performed at a large-scale sheet fed offset printing press at line speeds between 45 and 180 m min -1 in order to evaluate the predicting performance of the calibration models under real process conditions. In case of the conversion, the prediction error (RMSEP) was about 4...5 %, whereas it was found to be less than 200 mg m -2 for the in-line monitoring of the coating weight. All investigations were carried out with a series of UV-curable offset printing inks (UVALUX; Zeller + Gmelin, Eislingen, Germany). The present paper focuses on data obtained for the magenta ink.
Calibration samples were prepared by printing the ink on 135 g m -2 white paper or 60 µm opaque polyethylene (PE) foil, respectively, using a laboratory-scale printing machine (Printability Tester; IGT Reprotest, Amsterdam,
The Ne-therlands). The coating weight of layers intended for a variation of the conversion was ~1.2 g m -2 (color density 1.7), whereas samples in a range from 0.5 to 2.5 g m -2 were printed for the determination of the coating weight. All samples were irradiated under nitrogen in a UV curing unit equipped with a medium-pressure mercury lamp (100 W cm -1 , uv-technik meyer, Ortenberg, Germany). For the preparation of samples with a broad range of different conver-sions required for calibration, they were cured with different doses by variation of the UV intensity and the line speed.
In-line monitoring was carried out at a sheet-fed offset printing machine (Speedmaster CD 74; Heidelberger Druck-maschinen, Heidelberg, Germany). The press was equipped with two medium-pressure mercury lamps (180 W cm -1 ). The NIR probe head was mounted in the delivery unit of the press after the UV lamps. Great care was bestowed on its correct alignment in order to achieve an exact match of its mounting in the laboratory and at the printing machine.
In order to obtain printed layers with different conversions, the UV dose was varied by systematic changes of the intensity of the UV lamps or the printing speed. The latter was varied between 3000 and 12000 sheets h -1 (corresponding to 45 to 180 m min -1 ). The thickness of the layers was varied by changing the settings of the press. After any change of the printing parameters, in-line monitoring did not start before a steady-state of the process was achieved. An optical sensor that detected the front edge of the printed sheet triggered the recording of the NIR spectra. Spectra were recorded at a sampling rate of 30 NIR spectra s -1 . After each in-line monitoring trial, random samples were taken, and their conversion or coating weight was determined off-line.
results and dIscussIon
In order to develop a PLS model for the calibration of the NIR spectra to the acrylate conversion, printed layers with conversions in the range from 58 to almost 100 % were prepared. After recording of the spectra, they were divided into a calibration (188) and a validation set (158 spectra). Both sets contained spectra of samples from the whole conversion range. The PLS models were optimized by application of different pre-processing methods such as normalization, baseline correction, linear tilt, and derivatives to the spectral data (individually or in combination). Internal validation of the PLS models was carried out by the test set method. Parameters such as the root mean square error of prediction (RMSEP), the standard error of prediction (SEP), the bias, and the coefficient of determination (R²) were calculated for each calibration model. The model with the lowest RMSEP and the highest R² was chosen for further analysis. For magenta ink layers, normalization of the NIR spectra was found to result in the best model. The PLS regression of this calibration model is shown in Fig. 1 .
In the next step, an external validation of the model was carried out by predicting the conversion of independent samples, which had been prepared and characterized in the same way like the samples used for the calibration process. The correlation between the predicted and the reference values (FTIR) was quite good, that is, the RMSEP was found to be about 4.7 %. The prediction performance of the PLS calibration model under real printing conditions was tested in in-line mo-nitoring trials at the sheet-fed offset printing press. Ink layers with different conversions were obtained by variation of the UV dose, whereas the thickness of the layers was kept constant. Printing was carried out at a line speed of 3000 sheets h -1 . The irradiance of the UV lamp system was stepwise increased from 50 to 100 % of its maximum power (maximum radiant exposure: 365 mJ cm -2 ). NIR spectra were collected after achieving steadystate conditions of the press. For each value of the UV dose, spectra from about 20 sheets were recorded. The conversion was determined by use of the calibration model shown in Fig. 1 . All values obtained for the same sheet (~10…11 spectra/sheet at this line speed and with a sheet width of 60 cm) were averaged. Results are summarized in Fig. 2 . Each change of the relative intensity is marked by an arrow. The conversion of control samples determined off-line by FTIR/ATR spectro-scopy after the end of the printing trial is given for comparison.
The predicted values clearly show the increase of the acrylate conversion in the printed layers with increasing UV dose. Despite the very low thickness of the ink layers (~1.2 g m -2 ), a close correlation between predicted and refer-ence values was observed. RMSEP was determined to be about 4.8 %, which is only slightly higher than the value that was obtained in the external validation in the laboratory. Similar results were also found for printed layers with the other colors (yellow, cyan, black; RMSEP=4.5 to 5.5 %) as well as for clear printing varnishes
Moreover, the influence of the printing speed on the prediction of the conversion was studied. Of course, this leads to changes of the UV dose and consequently of the conversion. However, it does not have a significant effect on the prediction of the conversion, i.e. the scattering of the spectral data does not increase with increasing line speed 1 .
With a similar approach, the coating weight, which is preferred in printing technology to the thickness since it can be determined easier and with higher precision, can be monitored by NIR reflection spectroscopy. The typical color density for the printing of magenta ink is about 1.7, which roughly corresponds to a coating weight of ~1.2 g m -2 . In order to cover a sufficient range for in-line monitoring, samples with coating weights from 0.5 to 2.5 g m -2
were prepared using the Printability Tester. They were UV-cured at a dose leading to complete conversion of the ink. The actual coating weights after printing and curing were determined by gravimetry.
As an example, we present here data of printed layers on opaque polyethylene film. NIR spectra were recorded for the calibration process. PLS models were built up using different pre-processing methods that were applied to the spectra. Tab. 1 shows the parameters of some of the models. The optimum model was obtained by baseline correc-tion of the spectra. The regression line based on this model is shown in Fig. 3 . The performance of this model was evaluated by an external validation. The coating weight of independent samples was predicted from their NIR spectra. Results are summarized in Fig. 4 In addition to UV-curable inks, other systems such as conventional oil-based inks and varnishes and waterbased dispersion varnishes have been studied as well 5 . Moreover, the effect of various substrates and ink formulations on the precision of the predictions was investigated 3, 4 . Furthermore, the gloss of the layers was found to have a significant effect on the prediction of the coating weight. The NIR method outlined here is based on a reflection spectroscopy. Therefore, it is obvious that the surface morphology of the printed layers (including their roughness) has a strong impact on the scattering behavior of the samples and consequently on the prediction performance of the chemometric models. In order to overcome problems arising from different gloss levels of the printed layers, the degree of gloss was included in the PLS models. This approach led to a very high precision of the predictions of the coating weight of layers with any degree of gloss 6 .
conclusIon
In this study, methods for in-line characterization of the conversion and the thickness of thin printed layers of UV-curable inks and varnishes were developed, which are based on NIR reflection spectroscopy. Layers were printed on various substrates (paper, polymer films) with coating weights between about 0.8 and 3 g m -2 (prediction of the conversion; all systems included in this study) or 0.5 and 7 g m -2 (prediction of the coating weight).
Spectra for calibration were recorded with setups that simulate the specific mounting conditions in the printing press. During in-line monitoring, it was demonstrated that the conversion in printed layers can be determined 
